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,QWURGXFWLRQ
1DWXUDO JDV KDV FRPH WR WKH IRUHIURQW RI WKH LQWHUQDWLRQDO HQHUJ\ GHEDWH DV JOREDO HQHUJ\GHPDQG ULVHV$V D
UHVXOW WKH WUDQVSRUWRIQDWXUDOJDVEHFRPHV LPSRUWDQW7KHQDWXUDOJDV UHVRXUFHVDUH WRDJUHDWGHJUHH ORFDWHG IDU
IURP WKHLUPDUNHWV&XUUHQWO\ RIJDV LV WUDQVSRUWHG WRPDUNHW E\SLSHOLQH DQGDV OLTXHILHG QDWXUDO JDV
/1*+RZHYHUVRPHRIWKHGLVFRYHUHGJDVLVFRQVLGHUHGDV³VWUDQGHG´WKURXJKRXWWKHZRUOG³6WUDQGHG´LV
GHILQHGDVJDVUHVHUYRLUIUDFWLRQVWKDWSUHYHQWWKHLUGHYHORSPHQWRURSWLPDOSURGXFWLRQIURPDQRLORUJDVILHOGDVD
UHVXOW RI WKHLU GLVWDQFH IURP WKHPDUNHW ODFN RI WUDQVSRUW HFRQRP\ RU FRQYHUVLRQ WHFKQRORJ\ 7KH IHDVLELOLW\ RI
SLSHOLQHVLVJUHDWO\KLQGHUHGE\GLVWDQFHOLPLWVDQGWHUUDLQUHVWULFWLRQV/1*IDFLOLWLHVDUHH[SHQVLYHWRFRQVWUXFWDQG
WKH SURFHVV LV HQHUJ\ ZDVWHIXO 1DXWLFDO FRPSUHVVHG QDWXUDO JDV &1* WHFKQRORJ\ SURSRVHG LQ UHFHQW \HDUV
SURYLGHV DQ DOWHUQDWH JDV WUDQVSRUWDWLRQ V\VWHP WKDW ZRXOG VXSSO\ DQ HIIHFWLYH ZD\ WR H[SORLW UHVHUYHV ZKLFK
RWKHUZLVHZRXOGUHPDLQVWUDQGHGDQGZRXOGXQIROGPDQ\VPDOOPDUNHWVWKDWFRXOGQRWEHHFRQRPLFDOO\MXVWLILHG>@




WKH /%%SUHVHQWO\ DSSOLHG WR SUHVVXUH V\VWHPV LQ WKH QXFOHDU LQGXVWU\ WKHUH LV D QHZ SK\VLFDO SKHQRPHQRQ QRW
HQFRXQWHUHGEHIRUHWKH-RXOH7KRPVRQ-7HIIHFW7KH-7HIIHFWLVWKHFRROLQJRI&1*JDVWKDWRFFXUVGXULQJUDSLG
H[SDQVLRQ IURPD OHDN LQ WKH FRQWDLQPHQWYHVVHO FKLOOLQJ WKHPHWDO LQ WKHYLFLQLW\RI WKH FUDFN DQG UHGXFLQJ WKH
IUDFWXUH WRXJKQHVV RI WKH ZDOO PDWHULDO>@ )UDFWXUH WRXJKQHVV LV DQ LQKHUHQW SURSHUW\ RI WKH PDWHULDO ZKLFK









7KLV FKDUDFWHULVWLFKDVDELJ LPSDFWRQ WKHSUHVVXUHGURSDQGFRQVHTXHQWO\RQ WKH WHPSHUDWXUHGURS ,W VKRZHGD
WHPSHUDWXUHGURSRIq&IRUDSUHVVXUHGURSRIEDUZRXOGKDYHDYHU\VLJQLILFDQWLPSDFWRQWKHPHWDO¶VIUDFWXUH
WRXJKQHVV7KH WHVWVJDYH D VWURQJ LQGLFDWLRQRI WKH VHYHULW\RI WKH -7HIIHFW DQG LWKLJKOLJKWHG WKDW WKLV HIIHFW LV
LQGHHGFUHGLEOHDQGZRUWK\RIDPRUHWKRURXJKUHH[DPLQDWLRQ
7KHFKDOOHQJHVLQWKLVVWXG\DUHKRZWRGHYHORSDPRGHOWRUHSUHVHQWWKH-7HIIHFWLQQDUURZDQGWRUWXRXVFUDFNV
DQG WR HYDOXDWH WKH SUHVVXUH DQG WHPSHUDWXUH GURS RI OHDNLQJ JDV WKURXJK FUDFNV7KH SURFHVV LV DIIHFWHG E\ WKH
IDFWRUV VXFK DV FUDFN RSHQLQJ GLVSODFHPHQW FUDFN VXUIDFH DQJOH FUDFN WXUQV VXUIDFH URXJKQHVV DQG WHPSHUDWXUH
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SUHVVXUH JDV LQWR WKH SUHVVXUH YHVVHO 7HPSHUDWXUH LQ WKH YLFLQLW\ RI WKH FUDFN DQG SUHVVXUH LQVLGH WKH SUHVVXUH






,Q WKLV H[SHULPHQW WKHPD[LPXPSUHVVXUH RI DUJRQ UHDFKHV LQ WKH SUHVVXUH YHVVHO LV EDU7KH WHPSHUDWXUH









'XULQJ WKH WHPSHUDWXUH VWDEOH VWDJH EHWZHHQ±V WKH WHPSHUDWXUHRI WKHPHWDO LQFUHDVHVVOLJKWO\DV WKH
SUHVVXUH LQ JDV VXSSO\ FRQWDLQHUV UHGXFHV JUDGXDOO\ 7KH JDV VXSSO\ ZDV VWRSSHG DIWHU ILQLVKLQJ WKH WHVW WKH
WHPSHUDWXUHLQWKHYLFLQLW\RIWKHFUDFNGHFUHDVHGDEUXSWO\ZLWKWKHVKDUSGHFUHDVHGSUHVVXUHLQWKHSUHVVXUHYHVVHO
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0DWKHPDWLFDOPRGHOLQJ
,QD UHDOFUDFN WKH IORZSDWKRIWHQGHYLDWHV IURP WKHSODQHVXUIDFHDQG LV WKUHHGLPHQVLRQDO WKLV LVNQRZQDV


























$IWHU FRPSDULVRQ DPRQJ GLIIHUHQW PRGHOV WKH PRGHO SURSRVHG E\ 7DJJDUW HW DO>@ LV DGRSWHG EHFDXVH LW LV
VXSSRUWHGE\H[SHULPHQWDOGDWD>@7KHGHWDLOHGGHVFULSWLRQRIFUDFNJHRPHWU\LVVKRZQLQ)LJĮLVWKHFUDFN
VXUIDFH DQJOH UHODWLYH WR WKH FUDFN GLUHFWLRQ WKURXJKZDOO ș LV WKH DYHUDJH IORZ GLUHFWLRQ UHODWLYH WR WKH FUDFN
GLUHFWLRQWKURXJKZDOOWFHIILVWKHHIIHFWLYHFUDFNZLGWKSHUSHQGLFXODUWRWKHDYHUDJHIORZGLUHFWLRQWcLVWKHFUDFN
RSHQLQJ GLVSODFHPHQW RU FUDFN ZLGWK SHUSHQGLFXODU WR WKH WKURXJKZDOO GLUHFWLRQ t LV WKH FUDFN WKURXJKZDOO
WKLFNQHVVLHFUDFNGHSWKtHIILVWKHHIIHFWLYHFUDFNWKURXJKZDOOWKLFNQHVVRORFDOLVWKHORFDOURXJKQHVVRJOREDOLVWKH




LQFUHPHQW WKH DUJRQJDV¶VSUHVVXUH WHPSHUDWXUH DQGKHDW WUDQVIHU FRHIILFLHQW LQVLGH WKH FUDFNZHUH HYDOXDWHGE\
HPSOR\LQJWKHLWHUDWLYHFRGHRI0$7/$%SURJUDPDVVKRZQLQ)LJ
7DEOH  VKRZV FUDFNJHRPHWU\ SDUDPHWHUV DQG LQLWLDO VWDWH SDUDPHWHUV RI DUJRQ JDV LQVLGH WKH SUHVVXUH YHVVHO
VDPHDVWKDWLQWKHH[SHULPHQW%HFNHWDO>@FRQFOXGHGWKDWFRPSDULVRQZLWKH[SHULPHQWDOUHVXOWVLQGLFDWHVWKDWLQ






















4.1. Evaluation of the pressure of leaking argon through a crack 
)OXLGLVIRUFHGWKURXJKDFUDFNE\DSUHVVXUHJUDGLHQWH[LVWLQJDFURVVWKHZDOORIDSUHVVXUHYHVVHOGXULQJOHDNDJH
7KHSUHVVXUHGLVVLSDWLRQWKURXJKWKHFUDFNGHSHQGVRQWKHIORZJHRPHWU\DQGHIIHFWLYHURXJKQHVV7KHSUHVVXUHLV
ORVW WKURXJK WKH FUDFN E\ WKUHH PHDQV IULFWLRQ ZLWK FUDFN VXUIDFHȟ݌௙௥௜௖  LQHUWLD SUHVVXUHȟ݌௜௡௘௥௧ DQG WKH
UHFLUFXODWLRQRIWKHJDVȟ݌௥௘௖௜௥௖>@DVVKRZQLQ
IULF LQHUW UHFLUFp p p p'  '  '  '   
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)LJ&DOFXODWLRQ)ORZ&KDUWLQ0$7/$%3URJUDP
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 ȝ GT p ³+   
7KH WHPSHUDWXUHGLVWULEXWLRQRI OHDNLQJ DUJRQ WKURXJKD FUDFN LV LOOXVWUDWHG LQ)LJ $V VKRZQ LQ)LJ WKH
WHPSHUDWXUHRIOHDNLQJDUJRQGHFUHDVHVIURP&DWWKHHQWUDQFHRIWKHFUDFNWRq&DWWKHH[LWRIWKHFUDFN
7KH WRWDO WHPSHUDWXUH GURS RI OHDNLQJ DUJRQ WKURXJK WKH FUDFN LV  & 7KH ILWWHG WHPSHUDWXUH IRUPXOD ௜ܶ௡௙ ൌ
െʹ ൈ ͳͲ଺ݖଷ ൅ ͳͶͶ͵͵ͻݖଶ െ ͵ͷ͵͵Ǥʹݖ ൅ ͵Ͳ͵Ǥͳ͹]LVWKHFUDFNGHSWKWKURXJKZDOOLVXVHGDVERXQGDU\FRQGLWLRQRQ
WKHFUDFNVXUIDFHLQWKHVXEVHTXHQWKHDWWUDQVIHUVLPXODWLRQ
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4.3. Evaluation of heat transfer coefficient of leaking gas through a crack 
4.3.1. Petukhov correlation 
7KHKHDWWUDQVIHUFRHIILFLHQWLVDNH\LQSXWSDUDPHWHUZKLFKKDVWREHHYDOXDWHGDQGDSSOLHGLQWKHKHDWWUDQVIHU
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O   
ZKHUHOLVWKHUPDOFRQGXFWLYLW\LQ:Pā.7KHWKHUPDOFRQGXFWLYLW\RIDUJRQLVHYDOXDWHGE\HPSOR\LQJ/HPPRQ
HWDO>@PHWKRG
4.3.2. Extension of the application of Petukhov correlation to microchannels 
$GDPV HW DO>@ DSSOLHG 3HWXNKRY FRUUHODWLRQ WR PLFURFKDQQHOV E\ PDNLQJ VRPH PRGLILFDWLRQV 7KH









    
ZKHUH/LVFKDUDFWHULVWLFOHQJWKLQP'HLVWKHHTXLYDOHQWGLDPHWHULQP$LVWKHFURVVVHFWLRQDUHDRIDFUDFNP
3 LV WKHZHWWLQJ SHULPHWHUP )RU D WZR GLPHQVLRQDO FUDFNܣ ൌ ݈ ൈ ௖ܹܲ ൌ ʹሺ݈ ൅ ௖ܹሻ ZKHUH:F LV WKH FUDFN
RSHQLQJGLVSODFHPHQW,I݈ ب ௖ܹWKHQRQHFDQREWDLQ
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  
ZKHUH
    ef log R     
$GDPV HW DO>@ PRGLILHG WKH *QLHOLQVNL FRUUHODWLRQ WR DFFRPPRGDWH WKH VPDOO GLDPHWHUV HQFRXQWHUHG LQ
PLFURFKDQQHOVE\XVLQJWKHIROORZLQJIRUP
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  
ZKHUHܥ ൌ ͹Ǥ͸ ൈ ͳͲିହܦ଴ ൌ ͳǤͳ͸Ͷ݉݉RHLV5H\QROGVQXPEHUDLVWKHGLDPHWHURIPLFURFKDQQHOV,QWKLVSDSHU
DGHQRWHVWKHFUDFNZLGWKWF
4.3.3. Evaluation of heat transfer coefficient of leaking argon through a crack 
7KH KHDW WUDQVIHU FRHIILFLHQW RI OHDNLQJ DUJRQ WKURXJK D FUDFN LV VKRZQ LQ )LJ  ,W LV VKRZQ WKDW WKH KHDW























































RI HOHPHQWV RI  7KH HOHPHQW W\SH LV OLQHDU /DJUDQJH HOHPHQW ZLWK LQWHJUDWLRQ RUGHU  0RVW RI WKH PHVK








































































6.1. Selection of appropriate experimental data for comparison with simulation results 
7KHORZHVWWHPSHUDWXUHRQWKHRXWVLGHVXUIDFHRIWKHWHVWSODWHLQWKHGLDJRQDOGLUHFWLRQWRWKHFUDFNOLQHLVORZHU
WKDQWKDWRIKRUL]RQWDOGLUHFWLRQWRWKHFUDFNDVVKRZQLQ)LJDQG)LJ>@+RZHYHUWKHUHLVDGHSUHVVLRQDORQJ
WKHGLDJRQDOGLUHFWLRQZKLFKLVFDXVHGE\ WKHPDFKLQLQJSURFHVVDV LOOXVWUDWHG LQ)LJ7KH WHPSHUDWXUHUHVXOWV
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VXUIDFHRI WKH WHVWSODWHLQ WKHKRUL]RQWDOGLUHFWLRQ WR WKHFUDFN OLQHGXULQJ WKH-RXOH7KRPVRQFRROLQJSHULRG LV
q&DQG WKH ORZHVW WHPSHUDWXUHREWDLQHGIURPVLPXODWLRQ LVq& ,WFDQEHFRQFOXGHG WKDW WKHVLPXODWLRQ
UHVXOWVDJUHHZHOOZLWKWKHH[SHULPHQWDOUHVXOWVRQWKHHYDOXDWLRQRIWKHORZWHPSHUDWXUHLQWKHYLFLQLW\RIWKHFUDFN
,WVKRXOGEHQRWLFHGWKDW WKHREWDLQHGORZHVW WHPSHUDWXUHLQVLPXODWLRQLVQRW WKHORZHVW WHPSHUDWXUHRQWKHFUDFN
VXUIDFHLQH[SHULPHQW7KLVSRLQWZLOOEHH[SODLQHGLQWKHIROORZLQJVHFWLRQ
6.2. Analysis of results 
,Q )LJ  LW LV QRWLFHG WKDW WKH -7 FRROLQJ HIIHFW GHFD\V ZLWK WKH GHFUHDVLQJ RI WKH JDV SUHVVXUH LQVLGH WKH
FRQWDLQHUV GXH WR WKH OLPLWHG VXSSO\ RI JDVZKLFK UDQ RXW ,I WKHUH LV HQRXJK JDV VRXUFH VXFK DV LQ D ORQJ JDV
SLSHOLQH RU ODUJH YHVVHO LH XQGHU WKH LQILQLWH VRXUFH FRQGLWLRQ WKH -7 FRROLQJ HIIHFW FDQ FRQWLQXH LQGHILQLWHO\
)XUWKHUPRUHLI WKHSUHVVXUHGLIIHUHQFHEHWZHHQLQVLGHDQGRXWVLGHRISUHVVXUHYHVVHOLVNHSWFRQVWDQW WKHSUHVVXUH
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7KH KHDW WUDQVIHU DPRQJ OHDNLQJ JDV WHVW SODWH DQG VXUURXQGLQJ HQYLURQPHQW ZRXOG HYHQWXDOO\ UHVXOW LQ D
VLJQLILFDQW WHPSHUDWXUHJUDGLHQWRQ WKH WHVWSODWH$FFRUGLQJ WRSUHYLRXV UHSRUW>@ WKH WHPSHUDWXUHGLVWULEXWLRQRQ
WKHWHVWSODWHLVUDGLDOGLUHFWLRQGHSHQGHQWWKHWHPSHUDWXUHFKDQJHLQKRUL]RQWDODQGGLDJRQDOGLUHFWLRQWRWKHFUDFN
OLQHKDVDVLPLODUWUHQG7KHVKDUSWHPSHUDWXUHJUDGLHQWZLOOFDXVHWHQVLOHWKHUPDOVWUHVVHVZLWKDWHQGHQF\WRRSHQ
WKHFUDFNIXUWKHUDW WKHFUDFNWLSZKLFKFRLQFLGHVZLWKWKHKLJKHVW WHPSHUDWXUHJUDGLHQW,I WKHORZHVW WHPSHUDWXUH
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RIWKHFUDFNPD\WULJJHUWKHWUDQVLWLRQRISUHYLRXVO\VWDEOHFUDFNSURSDJDWLRQWRUDSLGXQVWDEOHJURZWKDQGDIIHFWWKH




,Q WKLV SDSHU D WZRVWDJH VLPXODWLRQPHWKRG LV SURSRVHG WR VLPXODWH WKH KHDW WUDQVIHU RI KLJK SUHVVXUH DUJRQ
OHDNLQJWKURXJKDQDUURZFUDFNWRLGHQWLI\WKHLPSDFWRIWKH-RXOH7KRPVRQFRROLQJHIIHFWRFFXUUHGGXULQJOHDNDJH
7KH ILUVW VWDJH LV WKH SURSHUWLHV HYDOXDWLRQ RI WKH OHDNLQJ DUJRQ WKURXJK D FUDFN E\ XVLQJ 0$7/$% SURJUDP


























>@ *:&DVWHOODQ&KDSWHU±(QHUJ\DQG WKH)LUVW/DZRI7KHUPRG\QDPLFV7KHUPRFKHPLVWU\ LQ3K\VLFDO&KHPLVWU\$GGLVRQ
:HVOH\
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>@ -37DJJDUW3-%XGGHQ/HDNEHIRUHEUHDN6WXGLHVLQVXSSRUWRIQHZ5JXLGDQFHRQOHDNUDWHHYDOXDWLRQ-3UHVV9HVVHO7HFKQRO
S















>@ 70 $GDPV 6, $EGHO.KDOLN 60 -HWHU =+ 4XUHVKL $Q H[SHULPHQWDO LQYHVWLJDWLRQ RI VLQJOHSKDVH IRUFHG FRQYHFWLRQ LQ
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